Abstract The significant role of ion beam flux during nitriding 304 austenitic stainless steel has been investigated by using a radio frequency inductively-coupled plasma reactor into which a sample with negative bias voltage was inserted. A milliammeter is used to detect the current of ions which collide with the sample and optical emission spectroscopy is used to discern the reactive species included in the nitrogen plasma. The nitriding efficiency is indicated by X-ray diffraction and the microhardness test. The reported data reveal that the ion beam flux density as well as the deposition pressure, bias voltage and time can strongly affect the nitriding of stainless steel via the expanded multiphase microstructure inside the nitrided layer. The increase in the density of ion flux results in an ascent in the intensity of the expanded peak and a simultaneous decline in the intensity of the γ austenite peak. The evolution trend of ion beam flux density is described as a function of the operating pressure and the bias voltage. The maximum ion flux density has been achieved at 10 Pa pressure and −500 V bias voltage. A reasonable nitriding region has been, consequently, suggested after comparing this work with previously reported results.
Introduction
Plasma nitriding of a stainless steel surface aims to increase the hardness, improve the tribology behavior and broaden its potential application; it has always been focused on due to its relatively low temperature, shorter treatment period and better suitability for severe plastic deformation in contrast to the conventional nitriding method, and thus plasma nitriding is extremely attractive to such requirements as energy and cost saving. Despite extensive studies [1−9] , a clear understanding of the nitriding mechanism of plasma has not been achieved yet, especially the effects of all kinds of reactive species like ions, excited molecules or atoms, electrons and ultraviolet light [7−9] on the evolution of the γ N expanded phase with the fcc (face centered cubic) multiphase microstructure. Previous research [1] concluded that excited species N* could react with the iron element inside austenite stainless steel upon high temperature and low pressure nitrogen exposure. Similar descriptions can also be found in the literature about ions or the plasma-related nitriding area [3−7] . This work, however, focuses on the influence of ion beam flux as well as deposition time on the nitriding behavior of 304 austenite stainless steel. We report here a finding that changes of the expanded phases can be caused by the changed densities of ion beam flux generated in the RF-ICP reactor.
Experiment
The signal shielded chambers ( Fig. 1(a) , quartz tube 40 mm in diameter, 400 mm in length) was evacuated down to 2×10 −5 Pa prior to the introduction of N 2 (99.999%) controlled by a mass flow controller. Samples were not intentionally heated before nitriding operation, and the optimal operating pressure, discharge power, flow rate and nitriding period were set at approximately 10 Pa, 80 W, 10 SCCM and up to 4 hours, respectively. A DC negative bias voltage up to 800 V is applied to the sample (20×20 mm 2 , commercial 304 stainless steel). Plasma was ignited by using the coils (wrapped outside the quartz tube) connected to a RF power supply (13.56 MHz) via a matching network. All samples were cleaned thoroughly in detergent solution to remove oil and grease, and were subsequently immersed in hydrochloric acid (50%, 80
• C) for 0.5 hour to dislodge the oxidizing layer prior to being washed in alcohol and inserted into the chamber * supported by Shenyang Science and Technology Plan of China (No. F12028200) immediately. Plasma emission spectra were monitored by a Spectrometer (EPP2000, 190-1100 nm, Stellarnet, USA). The crystal structure was confirmed by X-ray diffraction (PW3040/60, ray source Cu, ray wavelength 1.5406 nm, Philips, Holland). 
Results and discussion
Nitrogen optical emission spectra ignited by a radio frequency (13.56 MHz) power supply at 80 W power, 10 Pa pressure and 10 SCCM nitrogen flow rate pressure are displayed in Fig. 1(b) . These observed spectra lines include a relatively strong excited (but no discharged) nitrogen molecule N * 2 (315.9 nm, 337.1 nm, 357.1 nm, 380.5 nm, 662.3 nm and 775.3 nm in wavelength, respectively), an excited nitrogen atom N* (746.8 nm) and a discharged nitrogen molecule N + 2 (391.4 nm) [1, 9] . The most reactive particle N + 2
(391.4 nm) in spite of the relatively weak spectra peak, undoubtedly, will react rapidly with the iron element of the sample surface. No desired nitrogen ion N + was discerned in these spectra lines, indicating that the only discharged nitrogen molecule N + 2 can be accelerated by the direct-current electric field located between the negative biased sample and the reactor.
Unlike previous studies that mainly focused on the role of the excited nitrogen molecule N * 2 , like the 337.1 nm line [1] , the vital particle N + 2 apparently impacting on the nitriding of 304 stainless steel is also investigated and discussed in detail in this work, as described in Fig. 2 . The XRD results of nitriding 304 stainless steel with different operating conditions are demonstrated in Fig. 2 . As to the untreated sample shown in Fig. 2(b) o diffraction angle, are clearly exhibited without the presence of an α ferrite phase stemming from strain-induced martensite transformation, which indicates that the sample contains a pure austenitic component as reported previously [1−8] . The XRD evolution after nitriding at −300 V, 10 Pa depended strongly upon the operating time (up to 4 hours), as depicted in Fig. 2(A) (the spectra a-e). Obviously, a long exposure period can lead to a linear decline in the γ peak's intensity, especially γ(111) and γ(200), but without significant broadening and shifting, which reveals an apparent change of the crystal structure of the sample surface. After 4 hours nitriding, an extremely broad peak, identified as the γ N (111) expanded austenitic phase, distinctly emerged on the left side of the weakened γ peak (111), further evidencing that nitrogen has been captured and has diffused into the surface of the sample. Clearly, the γ N (111) expanded austenitic phase with a greater lattice constant [5] , ascends in peak intensity with increasing treatment time. Previous studies announced that this peak broadening was due to a gradient in nitrogen near the surface, overlapping of adjacent reflections from phases or residual stresses, resulting in an expanded lattice constant [2, 3] . Therefore, the increase of the γ N (111) expanded peak intensity and the decrease of the γ peak (111) intensity disclose that the sample surface possesses higher hardness and friction resistance [1−6] . After 2 hours of exposure to nitrogen plasma, a CrN phase has appeared on the surface of the sample with a Cr-coated layer by the sputtering method, as depicted in Fig. 2(B) (spectra i), suggesting that the nitrogen plasma can actively react with the Cr element. It is believed that a long treatment period can result in a more satisfactory nitriding effect, which is also supported by previously research [1−7] . Besides the excessive waste of time and energy, a practical method is to impose negative bias voltage to the sample to enhance the kinetic energy of the N + 2 , which will result in a shorter treatment time, as indicated in Fig. 2(A) (spectra f-i, 2 hours, 10 Pa). The remarkable role of the bias voltage (beginning from 300 V) emerged, accompanied with a rapid descent of γ peaks until a negligible value at 500 V. Previous investigations also confirmed that a dynamic equilibrium between the sputtering of the surface and the reaction of the gas species on the surface with a sputtered Fe element would lead to the formation of a γ N (111) expanded peak [2] . Although relatively easy, extremely high negative bias, however, will cause excessive sputtering, prompt an increase of the surface temperature and even failed operation due to insufficient heat convection at approximately 10 Pa pressure. Similarly, at −500 V, 2 hour, the change of the operating pressure strongly affected the evolution of the γ phase and γ N (111) expanded phase of the sample, as shown in Fig. 2(B) (spectra b-h) . Initially, the γ peak descends speedily (simultaneously the γ N (111) expanded phase, however, ascends) upon the increase of pressure and subsequently, the γ peak ascends. At 10 Pa, the maximum γ N (111) expanded phase and the minimum γ peak value of intensity can be discerned, detecting an optimal nitriding condition. The ion beam flux density J measured by a milliammeter connected to the RF discharge supply in series (Fig. 1) is displayed in Fig. 2 . Apparently, the operating pressure and bias voltage are also able to powerfully influence the ion beam flux density J and simultaneously, it is a notable phenomenon detected here that the γ N (111) expanded peak increases monotonously with the increase of the ion beam flux density J, regardless of the variety of pressure and bias voltage. So the high ion beam flux density brought about a high γ N (111) expanded peak, meaning a more satisfactory nitriding result. At 3 Pa, the γ N (111) expanded peak has not changed compared to the untreated sample apparently after 2 hours treatment at −500 V due to the too low value of J. However, the γ N (111) expanded peak has sharply increased at 10 Pa after exactly the same treatment time and bias owing to the high J value obtained. Consequently, the ions beam flux density J (no pressure) is one of the candidates directly affecting the evolution of the γ N (111) expanded phase in essence, which also reveals that the ion beam flux is directly responsible for nitriding 304 austenite stainless steel.
The remarkable nitriding effect is also supported by the subsequent microhardness test shown in Fig. 3(a) and (b). It is a fact that the microhardness is monotonically dependent on the bias voltage with a 250 mN load, revealing that at least the ion kinetic energy is an important factor, as shown in Fig. 3(a) . In addition, the highest microhardness value can be obtained at the 10 Pa working pressure (Fig. 3(b) ) with the highest ion beam flux density.
The more detailed change of the ion beam flux density J as a function of the operating pressure and the bias voltage is depicted in Fig. 4(a) . The plot evidences that initially the ion beam flux density J increases (solid curve) upon gradually increasing pressure until 10 Pa and subsequently decreases, supported by the OES data of N + 2 (391.4 nm) and N * 2 (337.1 nm) shown in Fig. 4(a) (dash curves) . Evidently, a peak with a maximum at 2.38 mA/cm 2 appears in the highest curve corresponding to −500 V. The data in Fig. 4(a) further predict the highest nitriding ability in the operating condition of around 10 Pa, −500 V due to the extremely high J value (2.38 mA/cm 2 ). Hence, the correct nitriding region dependent upon the ion beam flux density J is strongly suggested here, as described in Fig. 4(b) . Firstly, region A as an optimal operating area possesses the highest J value. Region B as a second option can also be constrainedly recommended if time and energy are of minor significance. Regions E and D are not reasonable selections due to their insufficient ion beam flux density J. 
Conclusion
304 stainless steel has been successfully nitrided by RF-ICP technology. After change of pressure, bias voltage, deposition time and ion beam flux density, a nitriding layer was discovered. The XRD data show that a γ N (111) expanded peak appears clearly. Subsequently, the effect of the ion beam flux density on nitriding 304 stainless steel has also been investigated. The microhardness test further reveals that the nitride layer treated at a high ion beam flux density possesses a high microhardness. In conclusion, it should be recognized that a higher flux density can, notably, improve the surface of 304 stainless steel and enhance the nitriding efficiency.
